Glucosyltransferases of oral streptococci, dextransucrases and alternansucrase of Leuconostoc mesenteroides, collectively referred to as glucansucrases, are large extracellular enzymes that synthesise glucans with a variety of structures and properties. A characteristic of all these glucansucrases is the possession of a C-terminal domain consisting of a series of tandem amino acid repeats. These repeat units are thought to interact with glucan but closely resemble the cell wall binding domain motif found in choline binding proteins in Streptococcus pneumoniae and surface-located proteins in a range of other bacteria. Analysis of dextransucrase and alternansucrase sequences has now shown that they also contain these repeat motifs in the N-terminal region, raising questions about their evolutionary origin and functional importance. ß
Introduction
Glucansucrases (EC 2.4.5.1) are extracellular enzymes produced by species of oral streptococci, Leuconostoc mesenteroides and some lactobacilli that synthesise K-linked glucans from sucrose. The glucans can di¡er in their size, types of linkage between glucose units and degree of branching and hence have di¡erent physical properties, particularly with regard to solubility, adhesiveness and susceptibility to breakdown by human or bacterial enzymes [1, 2] . There is thus considerable interest in understanding their catalytic mechanism to gain insight into the process of dental disease and to explore the biotechnological applications of de¢ned or novel glucans. In addition, their modular construction, their sharing of certain sequence motifs with other proteins and the fact that they are members of the K-amylase family raise intriguing questions about their evolution [3, 4] .
The ¢rst glucansucrase genes to be cloned were those for glucosyltransferases (GTFs) from oral streptococci and a basic pattern of organisation was identi¢ed [5] . GTFs are of high molecular mass, c. 160 kDa, and possess a signal peptide followed by a highly variable stretch of around 150 amino acids and a well-conserved catalytic core domain of c. 900 residues [6] . The catalytic core domain includes a region with the secondary structure of the classical (L/K) 8 -barrel fold of K-amylases, though with the component elements arranged in a circularly permutated form [3] . The C-terminal one-third of the molecule is capable of binding glucans and consists of a series of related but non-identical tandem repeats, each of 20^30 amino acids [7] . These repeats share sequence motifs with repeats found in proteins of other bacteria or bacteriophages [5, 8] . As further streptococcal GTF sequences became available, it was found that all fell into this pattern, as do dextransucrases (DSRs) from Leuconostoc mesenteroides [2] . Recently, the sequence of alternansucrase (ASR) has been determined [9] . This enzyme produces a glucan with alternating K1,3 and K1,6 linkages and has a novel pattern of repeat units at its N-terminus. In the present study the nature and location of repeat units in GTFs and DSRs were closely examined and compared with ASR.
Materials and methods
Sequences were retrieved from GenBank or the European Bioinformatics Institute (EBI) databases. Sequences examined, and their accession numbers, were Streptococcus mutans GTF-B (AAA88588), GTF-C (AAA88589) and GTF-D (AAA26895); Streptococcus gordonii GTF-G (AAC43483); Streptococcus downei GTF-I (AAC41412) and GTF-S (AAA63063); Streptococcus sobrinus GTF-T (D13928); Streptococcus salivarius GTF-J (CAA77900), GTF-K (CAA77901), GTF-L (AAC41412) and GTF-M (AAC41413); Streptococcus oralis GTF-R (BAA95201); Leuconostoc mesenteroides ASR (CAB76565), DSR-A (JC5473), DSR-B (AAB95433) and DSR-S (I09598). Dot matrix comparisons were performed with the DNAMAN package (Lynnon BioSoft) and multiple alignments with CLUSTAL-W on the EBI server. Pattern recognition databases were searched through the Interpro (Integrated Resource of Protein Domains and Functional Sites) resource at http://www.ebi.ac.uk/interpro.
Results and discussion

N-terminal repeat elements in alternansucrase
The catalytic core domains of glucansucrases are well conserved and in ASR this domain starts at residue 350, aligning closely from this point on with GTF and DSR sequences. Immediately preceding the catalytic core, however, we have identi¢ed three repeat elements (Fig. 1) . Two repeats are of 64 aa while the third is 52 aa long. Fig. 2 also shows that all three repeats align well with the most conserved residues of the`A' repeats ¢rst identi¢ed in the C-terminal glucan binding domain of GTF-I and present in the C-terminus of all other glucansucrases sequenced [2, 7, 10] . The upstream variable region of ASR that extends from the signal peptide to position 162 shows no apparent match in sequence or structure to variable regions of other glucansucrases.
Relationship to other repeat elements
In the streptococcal GTFs, a variety of C-terminal repeat elements have been described (A, B, C, D), the only one of which found in all glucansucrase is the A repeat. The alignment in Fig. 1 shows that this conserved element is part of the N-terminal repeats in ASR. A similar 20-aa motif has been recognised in the cell wall amidase of Streptococcus pneumoniae and its bacteriophages and repeat-containing modules have been shown to be responsible for binding to choline in the lipoteichoic acid of this organism [11] . More recently, further choline binding proteins have been recognised in S. pneumoniae and represent a new means of anchorage to the cell surface [12] . Besides their occurrence in S. pneumoniae, repeats with the same conserved residues are found in the toxins of Clostridium di¤cile that recognise the trisaccharide isoglobotriose in the gut lining [8, 13, 14] and in surface-associated proteins from Erysipelothrix rhusiopathiae, Clostridium acetobutylicum and Peptostreptococcus micros [15^17]. The widespread occurrence of this distinctive pattern of conserved residues in a range of proteins has led to the incorporation of this 20-aa motif as the CW`putative cell wall binding domain' in the Pfam motif-seeking program [18] . Analysis of the ASR sequence by Pfam through the Interpro interface located CW repeats in ASR and Fig. 1 shows how these align, with a triplet of CW motifs corresponding to the location of the N-terminal repeats in ASR. The most highly conserved region comes in the ¢rst part of the triplets and this corresponds to the A repeat ¢rst identi¢ed in GTF-I.
N-terminal repeats in dextransucrases
Examination of the N-terminal regions of two dextransucrases from L. mesenteroides, DSR-B and DSR-S, shows that they both contain repeats N-terminal to the start of the catalytic core (Fig. 2) aligning to the second and third repeats on ASR. In marked contrast, none of the streptococcal GTFs have these long repeats at their N-terminus. However, the existence of a small region of similarity to the C-terminal repeats was previously noted [7, 19] and is illustrated in Fig. 2 . All GTFs, DSRs and ASR can be aligned from this point, which represents the start of the highly conserved catalytic core domain found in all the glucansucrases [2] . 
C-terminal repeats in alternansucrase
All known GTF and DSR sequences contain between three and six A repeats in the C-terminal one-third of the molecule. In contrast, ASR has only a single well de¢ned A repeat starting at position 1413. ASR does, nevertheless, have its own novel and distinctive set of repeat elements at its C-terminus, shown in Fig. 3 . ASR thus presents a number of interesting and distinctive features that set it apart from the other glucansucrases^multiple long Nterminal repeats, only a single C-terminal A repeat, and novel short repeats.
Function of repeat domains
The C-terminal repeat domain of streptococcal GTFs binds to glucans and this is proposed to contribute to sucrose-dependent adherence [1, 7, 20, 21] . In some GTFs, but not all, it is also essential for the retention of glucan synthesis activity and the stimulatory e¡ect of dextran [22, 23] . It is clear, however, that the N-terminal repeats identi¢ed in this paper are not essential for glucan synthesis ; DSR-A is a naturally truncated enzyme that has no N-terminal repeats or variable region [24] and in GTF it is possible by genetic manipulation to remove all the variable region while retaining function [20, 22] . Indeed, even highly conserved residues at the start of the conserved catalytic core are not essential for activity [22, 25] . Leuconostoc DSRs also bind to dextran but the regions of the molecule involved in binding have not yet been identi¢ed. Identi¢-cation of regions of repeats will help the design of N-and C-terminal truncation experiments to address this question and throw further light on their functional signi¢cance.
It is not yet clear whether the similarity between repeats in glucansucrases and CW motifs is a consequence of convergent or divergent evolution though their widespread occurrence in di¡erent contexts complies with the de¢ni-tion of an independent, mobile domain. In surface proteins, wall lytic enzymes and bacteriophages of S. pneumo- niae, the binding module is generally found at the C-terminus of enzyme domains but has recently been identi¢ed at the N-terminus of an autolytic lysozyme [26] and is also functional as an independent module [27] . This report shows that repeats in glucansucrases similarly can be found in di¡erent relationships to catalytic domains; they also occur in proteins without enzymatic activity such as the glucan binding protein of S. mutans and the dextranase inhibitor of S. sobrinus [19, 28] .
In S. pneumoniae and C. acetobutylicum, blocks of CW motifs make up a choline binding module that serves to anchor or target proteins to the cell surface [17] . This anchoring function is also proposed to be important in surface proteins of E. rhusiopathiae and P. micros though in these cases the ligand has not been identi¢ed [15, 16] . The glucansucrases of oral streptococci and Leuconostoc are generally regarded as extracellular enzymes but nevertheless they can also be detected in a cell-associated form. C-terminal deletions result in an increase in the secretion of GTF [29, 30] . The observations described here suggest that further exploration is required into the contribution of N-and C-terminal repeats to surface localisation as well as to the complex process of glucan synthesis and binding. Identi¢cation of repeat sequences will thus be of value in guiding experiments involving truncation and mutagenesis of these complex enzymes.
